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Cross-correlated noise measurements are performed in etched AlxGa1-xAs/GaAs based quantum rings in
equilibrium at bath temperature of Tbath = 4.2 K. The measured white noise exceeds the thermal (Johnson-
Nyquist) noise expected from the measured electron temperature Te and the electrical resistance R. This
excess part of the white noise decreases as Tbath increases and vanishes for Tbath ≥ 12 K. Excess noise is
neither observed if one arm of a quantum ring is depleted of electrons nor in 1D-constrictions that have a
length and width comparable to the quantum rings. A model is presented that suggests that the excess noise
originates from the correlation of noise sources, mediated by phase-coherent propagation of electrons.
I. INTRODUCTION
In signal processing, noise is considered an unwanted
phenomenon, which limits the achievable accuracy of
measurement devices. However, noise spectra follow
statistics that are specific to the origin of the noise and
provide information about the investigated system1.
In 1928 J. B. Johnson and H. Nyquist discovered ther-
mal noise2 and attributed it to the thermal agitation of
electrons. Due to its connection to the electron temper-
ature, thermal noise can be employed as primary ther-
mometry that measures the electron temperature inde-
pendently from the lattice temperature3. The frequency-
independent thermal noise is always present in a resistive
material as background noise at temperatures above 0 K
and is known to be present in ballistic devices4–6.
In a circuit, each resistor can be considered as noise
source and the total noise is easily derived from the to-
tal resistance of the circuit. This holds true if the noise
sources are not correlated to each other, as is normally
the case for thermal noise due to its random nature. The
correlation of noise sources in electronic devices may oc-
cur if coupling between the noise sources exists4,7–9.
Here, we investigate whether the correlation of noise
sources is mediated by the phase coherence of electrons
in etched quasi one-dimensional (1D) quantum rings
at Tbath ≥ 4.2 K. The quantum rings are based on
an AlxGa1-xAs/GaAs heterostructure and the thermal
noise measurements are carried out by using the cross-
correlation technique10. Single 1D constrictions, i.e. a
quantum point contact (QPC) and a bent and a straight
quasi 1D electron waveguide, serve as reference for the
quantum ring. We find that if two arms of the ring act as
correlated noise sources the measured noise is enhanced.
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II. EXPERIMENTAL DETAILS
The quantum devices were prepared from the same
AlxGa1-xAs/GaAs heterostructure grown by molecular-
beam epitaxy. From Shubnikov-de Haas measurements
the electron density is found to be n = 2.07 · 1011 cm−2
and the electron mobility to be µ = 2.43 · 105 cm2/Vs
at T = 4.2 K. From this it can be calculated that the
wafer hosts a two-dimensional electron gas (2DEG) with
a mean free path of l ≈ 18 µm and a Fermi wavelength
of λF ≈ 55 nm. The 2DEG is located 110 nm below
the surface. The nanostructure was defined by electron-
beam lithography and subsequent wet-chemical etching3.
The 1D constrictions serve as reference structures among
which there is a quantum point contact (QPC) with
100 nm width and length. Two further 1D constrictions
are a straight and a bent waveguide both with a length of
about 3 µm and a width of about 285 nm. These length
scales allow for ballistic electron transport through the
quantum devices. Each 1D constriction is covered by
a global top gate that forms a Ti/Au Schottky contact.
Two quantum rings have an asymmetric geometry with a
straight and a bent arm. The length and bend of the arms
is comparable to the geometry of the reference structures,
whereas the width is about 510 nm. In one quantum
ring each arm is covered by a finger gate and the straight
arm hosts a QPC. Scanning electron micrographs (SEM)
of the quantum devices are shown in Figs. 2-4. Cross-
correlated noise measurements are carried out at 4.2 K
in a frequency range of 1 Hz to 60 kHz with a SR875
spectrum analyzer and two SR5184 ultra low-noise volt-
age amplifiers with a voltage gain of 103 each. Parasitic
capacities Cpar in the measurement setup are taken into
account by fitting the noise spectra with
SV(f) =
Smeas.V,w
1 + (2pifRCpar)2
(1)
in order to obtain the white part of the noise Smeas.V,w .
From the bath temperature Tbath = 4.2 K and the sample
resistance R the expected thermal noise can be calculated
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Scalc.V,w = 4kBTeR+ 2 · 4kBTampR2/Ramp + SV,l. (2)
The sample resistance is determined by using a lock in
amplifier SR830. In Eq. 2 the first term represents the
Johnson noise2, where the electron temperature is as-
sumed to be Te = Tbath in the absence of current heat-
ing. The second term comes from the ultra low-noise
amplifiers with input resistance Ramp = 5 MΩ and tem-
perature Tamp = 300 K. Contributions from shot noise
are not taken into consideration since the noise measure-
ments are performed in the absence of electric current.
The third term represents noise from series resistances.
Since the noise measurements are performed in a two-
point setup it is important that R is much larger than
the series resistance Rs, in order to prevent a significant
contribution of SV,l.
III. EXPERIMENTAL RESULTS
In a first step the thermal noise in the 1D constric-
tions is measured. For the QPC the noise measurements
are performed for voltages 0.3 V ≤ Vg ≤ 0.6 V applied
to the global top gate. These gate voltages correspond
to the first three populated subbands of the QPC. From
the measured conductance plateaus (not shown here) a
series resistance of Rs ≈ 142 Ω can be derived, which is
small compared to the first three conductance plateaus.
In the inset of Fig. 1 the measured noise spectra of the
QPC are depicted for one and three populated subbands.
The white part of the noise SV,w is extracted by ap-
plying Eq. 1 to the noise spectra. In this way SV,w
FIG. 1. Inset: Measured noise spectra of the QPC at gate
voltages Vg = 348 mV (1st plateau) and Vg = 528 mV (3rd
plateau) at Tbath = 4.2 K. The red dashed line indicates
the fit according to Eq. 1 (see text). Comparison between
measured thermal noise (solid squares) and the theoretically
expected thermal noise (open squares) for a quantum point
contact.
is derived for each noise measurement and depicted in
Fig. 1 (solid squares). The measured data are com-
pared to the expected values of the thermal noise de-
rived from Eq. 2 (open squares). The measured values
fit the expected values within the measurement uncer-
tainty (size of squares) in the whole measurement range
0.3 V ≤ Vg ≤ 0.6 V.
The same procedure is followed for the bent and the
straight 1D constriction at Tbath = 4.2 K. Both devices
are covered by a global top gate. From the measured elec-
trical conductance (not shown here) a series resistance of
Rs = 580 Ω for the bent waveguide and Rs = 710 Ω for
the straight waveguide can be derived. The measured
white part of the noise SV,w and the calculated noise is
compared in Fig. 2 for both devices. Again, the mea-
sured and the calculated noise fit each other within the
measurement uncertainty.
In a second step, the same investigation is performed
at Tbath = 4.2 K for the quantum ring whose arms are
each covered by a finger gate. In Fig. 3 a) a SEM im-
age of the device is depicted with contacts labeled 1 to
4. The gate voltages of the finger gates are labeled Vg1
FIG. 2. Comparison between measured thermal noise (solid
squares) and the theoretically expected thermal noise (open
squares) for a) a bent 1D constriction and b) a straight 1D
constriction at Tbath = 4.2 K. The insets show SEM images
of the devices.
3for the gate that covers the straight arm (with the in-
corporated QPC) and Vg2 for the gate that covers the
bent arm. For Vg1 > 0.31 V and Vg2 = −0.29 V only the
straight arm is electrically conducting. In Fig. 3 b) the
electrical conductance g14 between contact 1 and contact
4 is shown for Vg2 = −0.29 V when Vg1 is swept. The
measured thermal noise and the noise calculated from g14
and Tbath fit each other in the investigated range of Vg1
as depicted in Fig. 3 c). The same measurement is per-
formed for Vg2 = 0.45 V, i.e. when the bent waveguide is
electrically conducting. In Fig. 3 d) the electrical conduc-
tance g14 is depicted for Vg2 = 0.45 V when Vg1 is swept.
For Vg1 < 0.27 V only the bent arm of the quantum ring
is electrically conducting. In this regime it is found that
the measured and the calculated noise deviate by only
about 5% from each other, as depicted in Fig. 3 e). As
long as only one arm is electrically conducting the match
between measured and calculated noise is as good as for
the 1D reference structures.
In the last step, the gate voltage Vg1 is swept for
Vg1 > 0.27 V and Vg2 = 0.45 V, i.e. both arms of the
ring are electrically conducting. In Fig. 3 e) it can be seen
that the measured noise exceeds the calculated noise by
up to 60%. In the following this is referred to as excess
noise: SexcessV,w = S
meas.
V,w − Scalc.V,w .
IV. DISCUSSION
The excess noise in Fig. 3 e) in the quantum ring is
visible for Vg1 > 0.27 V, i.e. if both arms are electrically
conducting. It is not observed if either one of the arms
is depleted of electrons. Since the excess noise is also not
observed in the 1D reference structures, it is concluded
that the excess noise is a property of a quantum ring
when two ’paths’ are available to electrons.
In a first approximation, the quantum ring can be un-
derstood as a parallel circuit of resistances corresponding
to the bent and the straight arm, respectively. Each of
these can be considered as source of a thermal noise sig-
nal. In a parallel circuit it is more convenient to describe
the current noise SI = 4kBTeg with g the electrical con-
ductance of the sample. The two parallel resistors R1
and R2 exhibit the noise SI,1 and SI,2 that add up to
SI = SI,1 + SI,2 in the absence of correlation between
the two noise sources11. However, if correlation exists
between the noise sources, the resulting total noise reads
SI,corr = SI,1 + SI,2 + 2K
√
SI,1SI,2 (3)
with K the correlation coefficient4,7–9. If the excess noise
is considered to originate from correlation of noise sources
in the ring, the ratio SexcessV,w /S
calc.
V,w can be expressed as
SexcessV,w
Scalc.V,w
≡ SI,corr − SI,uncorr
SI,uncorr
= 2K
√
SI,1SI,2
SI,1 + SI,2
. (4)
From Eq. 4 and the relation SI = 4kBTeg the correlation
FIG. 3. Noise measurement across an asymmetric quantum
ring at Tbath = 4.2 K. a) SEM image of the device with
contacts labelled 1 to 4. Both arms are covered by finger
gates and the straight arm hosts a QPC. The gate voltages
are labelled Vg1 and Vg2. b) Measured electrical conductance
g14 for Vg2 = −0.29 V. c) Comparision of the measured and
the calculated thermal noise for Vg2 = −0.29 V. d) Measured
electrical conductance g14 for Vg2 = 0.45 V. e) Comparision
of the measured and the calculated thermal noise for Vg2 =
0.45 V. f) Calculated values of the correlation coefficient (see
text).
4FIG. 4. Temperature-dependent ratio of the excess noise and
the calculated thermal noise of the quantum ring depicted in
the inset. The correlation coefficientK is calculated according
to Eq. 5 (see text). The inset shows an optical micrograph of
the device with contacts labeled 1 to 6.
coefficient K can be determined from the measurements
K =
SexcessV,w
Scalc.V,w
· g1 + g2
2
√
g1g2
. (5)
In our measurements the coefficient can be estimated to
range from K = 0.0 to K = 0.6, as depicted in Fig. 3 f).
Since excess noise is only found in the quantum ring
if both arms are conducting, the assumption is that the
correlation of noise sources is connected to the phase-
coherent propagation of electrons in the ring. In this
case K should be related to the visibility v of interference
effects such as Aharonov-Bohm oscillations3,12. The
visibility depends on the phase breaking time τϕ and
the traversal time of an electron for going through one
arm of the ring τt = L/vF according to v ∝ exp(−τt/τϕ)
and is therefore temperature-dependent12,13. The tem-
perature dependence of K was investigated in another
quantum ring with a width of w = 500 nm. An optical
micrograph of the ring is depicted in the inset of Fig. 4.
In this ring the excess noise is studied and depicted
in Fig. 4. By using Eq. 5 and estimating g1 and g2
from four-point measurements, K is estimated. In this
sample the thermal length lT =
√
~D/(kBTbath) ≈ 3 µm
is large compared to w in the temperature range
Tbath = 4.2 K − 12 K. This allows to approximate the
phase breaking time by the Nyquist scattering time14
τN = (
√
EFµm
∗w/
√
2epikBT )
2/3. The phase breaking
time is known to saturate at low temperatures14 which
is taken into consideration by fitting the equation
K = 1/(1 + A · exp(τt/τϕ)) ≈ 1/(1 + A · exp(B · T 2/3))
to the data. Here, B = τt/(
√
EFµm
∗w/
√
2epikB)
2/3 can
be estimated from of the Fermi energy EF ≈ 8.6 meV,
the effective mass m∗ ≈ 0.062 m0 (from SdH measure-
ments), τt ≈ 11 ps and µ of the wafer material to be
B′ ≈ 0.14 K−2/3. The best fit to the data is shown
in Fig. 4 and yields A = 0.25 and B = 0.11 K−2/3.
The parameter A is a measure for the highest value
of Kmax = K(Tbath = 0 K) that is achievable in this
quantum ring which is Kmax = 1/(1 +A) = 0.8.
V. CONCLUSION
Thermal noise measurements are presented for
AlxGa1-xAs/GaAs based 1D constrictions and asymmet-
ric quantum rings. In the case of non-branched 1D
waveguides the measured and calculated thermal noise
fit each other as expected. However, in a branched net-
work of electron waveguides, the measured noise exceeds
the calculated one by up to 60 %. It is proposed that
this excess noise originates from the correlation of noise
sources in the network which is mediated by the coher-
ence of electrons in the quantum ring. Noise measure-
ments at Tbath = 4.2 K allow to estimate a correlation
coefficient from the excess part of the noise. In general,
the knowledge of the correlation coefficient of a quantum
system could allow probing the phase coherence by noise
measurements.
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